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ABSTRACT" O\

\

ELECTRON SPIN RESONANCE STUDIES OF TRANSITION METAL COMPLEXES

In order to determine the charge transferﬁin the
Mn-0 bond the electron spin resonance study of the Mn0§- ion
in dilute single cxystals of the orthorhombic host BaSeQ, -has
been done at 4°K., The principal.g—ﬁnd-h.values are g, = 1,9580
£0,0004, gy = 1,9655t0,0008, gz‘l= 1.9824¥0.0004, Ax=(126.010.4)

X 10‘4 4

cm-l, Ay=(84.210;4)x ledcm and Az=(16.310.4)x 10"
cm-l. The x,y and .z axes “are-chosen so that the y axis is along
the b crystallographic axis thle the x and z axes are nine
degrees away from the ¢ and a crystallographic axes réspectively;
The principal x and z axes of -the g and A values in the ac
plane are fquqd to differ by 40. The ground state is showﬁ to
be the dzz orbital with a 2% admixture °fdx2_y2 orbital,
similar to that of Mnoi_hin Bas0, but different from that of
Mnoﬁ-'ih K,Cxr0, where the'ground state was shown to be the

dxy orbitai. It is shown that for Mnoi- in BaSeO, the
difference in the principal x and z axes of the g and ‘A
values is attributable to an admixture of the*dyé'orbitai
with the 4,  orbital which is estimated to be about 0,03%
from the aﬁ;ular gseparation of tﬁg axes., An MO analysis of the
ESR data for Mnoi- in Base0,; and %a504 shows that the 4 orbital
contribution to the molecular orbitals occupied by the unpaired

electron are close to those of a +2 charged free jon. A further

v



analysis shows the pattern of charge transfer in the Mn-0 bond.,.
There is more o charge transfer and less 7 charge transfer ‘when

Mnoi' substitutes for the smaller soi' than when it substitutes

for the 1ar§er Se0§f ion.

Aléo the ESR of dilute single crystals of Fe(CN)snug“
ion in Fe(CN) NO.2H,0 has béen investigated at 4°K, The princi=
pal g values are g, = 0.845 0,001, gy, = 2.177 £0,001 and g, =
2.935 % 0.00l.The hyperfine interaction for the amine nitrogen
was observed and found to be .0 § A E+42.2 x 104 cm'l,
038> =3.7 x 107%cn™! and A, = (+8.1 ¢ 0,4) x 10™%cn™l, The
g values are consistent Bnly with a-ground state in which the
unpaired electron is primarily in a éxz orbital rather than the
egpected dxz_y2 orbital. The 1arge.anisotropy in the ‘hyper-
fine interaction is explained as requiring a 20% transfer of
electron spin to the ‘amine nitrogen. This unusual ground sta£e
and covalency of the Fe-N bond suggest that NH3 in this complex
has a much stronger ligand field strength than is fodnd in

other complexes,
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‘Chapter 1
INTRODUCTION

A. Scope of this work =

The splitting of the d oxb%tals of mgtal ions by their
environment has been a subject of interest to chemists. In
octahedral and tetrahedral symmetries these orbitals are split
into a group ofithreg designated as tz; and a pair designated
orbitals are higher

_ g
in energy than the tZg orbitals, while in a tetrahedral field

as e, In an octahedral environment the e
the t, orbitals-are higher _in energy-than the,e orbitals,
Distortions from either octahedral or tetrahedral symmetries
- furthexr split the energies of each group of orbitals. An -
undexstanding oﬁ the crystal field theory is uséful in ordex
to predict the number of unpaired electrons that a transition
metal ion possesses in various crystalﬂfields and hence £he
actual magnetic moments. Electron spin resonance studies of
paramagnetic ions provide usefullinformation about the wave
function describing the unpaired electrons both in the ground
state and in the excited electfonicﬂdtates. This information
is obtained from the spin hamiltonian parameters that are
directly determined by the experimental measurements.

The study of the complexes mentioned below was under-
taken to determine their spin Hamiltonian parameters, tov
ana192e these parameters in order to determine the grouhﬁ
state of the metal ions, ahd to peiform a molecular orbital
analysis of these parameters in order.to determine the charge

transfer in the metal-ligand bonds..These ions have been

; | 1




studied in single crystals diluted with an isomo;phic dia=-
magnetic host to reduce interéctions between neighboring
paramagnetic ions. The principal ions studied in this work
are the manganate ion in barium selenate and the pentacyano-
émmine ferrate(III) ion in sodium nitroprusside. Manganese(VI)
‘has a dI.configurétion while iron(IIl) has a a’ configuration,
The @° configuration in an octahedral crystal field can be
treated by the hole formalism so that it is similar to the

dl system.,

B, lHistorical

s

Since the discovery of the ch iqée by Zavoiskyﬂl),

ESR has provided much information on inorganic systems, Among

the interesting systems studied are dl and ds, which have been
studied in soﬁe detail recently. Manganese(VI) is a al system

and its tetrahedral oxyanion has been studied in different

hosts. Carrington EE.EL-(z) investigated the Mnoi ion in
K2Cr04 host and their data were analyeed by Schonland(s) who
fougd the unpaired electron to be in the dky *  orbital., 7The
'Croi" ion in K,CrO, has a site symmetry of Cs.and the z axis
was chosen as the principal axis that lies in the symmetry
plane of the ion and comes clgsest to bisecting the angle

between the two oxygen atoms in the plane. The x and y axes

are perpendicﬁlar to this axis with one being in the plabe

of. symmetry and

her perpendicular to it. In this study
we have designdted thq y axis to be the one perpendicular .
to the plane Subsequent investigations of other al
tetrahedral oxyanions: Mn0§- in Ban4 by Kosky et glsd)
Croi- in CayP0,Clyand Cas(PO4)3C1 by Banks, Greenblatt
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(5}6)' and MoO3~ in CaW0, by Azerbayejani and

and McGarvey
Merlo(7? found the unpaired electron in the d,2 S:bital for
these complexes. Ballhausen and Liehr (%) have proposed an ener=-
gy level scheme for the manganate and hypochf:omate ions ,
in which the unpaired electron occupied one of the e orbitals,
Since the d,2 orbital is one of the e orbitals, it is apparent *~
that these ESR results demonstrate the correctness of this
energy level scheme. The fact that the unpaired electron of
'Mnoin ion 'in KZC:04‘and in BaSO, occupies different d orbitals
is puzzling since both host lattices belong to the same space
group, Pnma, and their pxyahiOn tetrahedra have similar bongd
angles-as shown in Tables 1,7 and 11, Kosky et gl.(q? suggested

that the smaller size of sof' ion relative to the Mno%~ and

-i

CrOi- ions might cause a different distortion for Mnog in
BaSO4; Since SeOi' ion iﬁ-likely to be more nearly the size

of the Mnoi' ion ,it was decided to study thé Mnoi- ion in
single crystals of BaSeO, to determine the effect that the
lattice size has upon the distortion present in the Mnoi- ion,

A a° system in an octahedral environment can be

analyzed mathematically using the hole formalisﬁ. The first
reported paramagnetic resonance work on a ds systemn, Fe(CN)g-,
was by Baker, Bleaney and Bowers(g). Bleaney and O'Brien(lo)
later developéd the theory of the complex cyanides of the iron
group. Since th@n a large number of ds ‘{(tzg)s} complexes
‘haVe_been studied., Among the most recently reported studies

(11), Fe3} complexes

are t Ru>t in Yttrium Gallium garnet
. .
with sulfur-containing ligands {12}, Fe(1II) N,N-dimethylditnio-

(14)
carbamate(13), Fe(phenanthroline)2(CN);\‘ and trisbidentate

- " T T e -,




complexes of Fe(III), Ru{II1), Os{III) with sulfur donor

(15} | Most of these studies were done on frozen glasses

3

ligands

or powders. Single crystal studles of the strong field d

complexes have been reported for Fe(CN)g- and Mh(cn)é'(g)'

- - 7
Rup0) 3* Y 1enrd” ana 112”8, Ruqugy I }, Ru(acac)

19
0s{P(c2H5)206u5}2( )
02-(20.21)

(18)
r

and the formally a° complexes of

-(20,22,23
and Cr(CN)5N03 (20,22, ). In many of

Mn(CN)SN
these, the site symmetrieé are lowered as a result of geometric
distortions such as inequivalent atom positions and this
results in crystal field splittings of the t2g orbitals of
several hundred reciprocal centimeters, It thus appears that
additional single crystal studies of iron'complexes, such as.
Fe(CN)SNHg-, in which the major distortions fron octahedral
symmetry are attributable to a sixth inequivalent ligand in

the first coordination.aphéré, would be valuable in interpret-
ing the.considerable data on powders and frozen glasses. This
investigaﬁion would also provide some information about the
wave functions for the three Kramers doublets that make up

_ the {(tzg)S}-configuration. This can be obtained from a low

temperature study of the complex ion of interest,

C. Charge Txansfer in Metal-Ligand Bonds

Cha:ée transfer in metal=ligand bonds has been esti=-
mated using the molecular orbital paramaéters determined from
ESR studies, For transition metal complexes,‘molecular orbital
models have been found appropriate because they take account
of the atomic orbitals belonging to the ligand atoms and .

therefore introduce covalency to the bonding. The importance

]
4



5
of.éovalent bonding in these complexes is supported by thé
short metal-pxygen bonds for oxyanions and cations, large ’
reductions of the metal spin orbit coupling parameters and
hyperfine interaction with ligand nuclei that have nuclear
moments, which show that the unpaired electron is delocalized,
owen(24) and stevens(23) wére the first to use the molecular
orbital theory to calculate the effects on the magnetogyric
ratio of the electron arising from covalent bonding in Cu(II}

1 complexes for which the molecular

- _3 L
orbital treatments have been given aret CrOCl,(,n ‘ =4 and

26 2= . 3= 2=
5 by Kon et alE ), MO0C1§ ’ VOCl3 and VO(H20)5 by DeArmond

(28)

and Ni(II) compounds, Some d

et §1527), Ti(acac) 5 by-McGarvey
(29)
Garrett et al. Most recentlyeﬂcGarVey(3°) has performed a

.'_‘ 24-
and CrCls(Hzo) by

self consistent charge analysis on the ESR spin Hamiltonian
parameters of C;Oi'“and Mooz—.-ln this analysis MO mixing .
coefficients are calculated from the spin Hamiltonian para-
meters ﬁsing excited state energies obtained from optical
spectroscopy, values of the spin orbit coupling constant,§,
for the d orbital obtained from atomic spectroscopy and
values-of <x™3> for the d orbital cbtained from Hartree~Fock
computations, The calculation is done for values of § ipd
<:r'3>rappropriate to different chafges on the free metal ion
and a Mullikeh charge analysis is done on”the resulting
molecular orbitals. The computation is deemed self-consistent
when the Mulliken charge on the metal ion‘equals the charge
.asi:ciated with the values of £ and < rf3>”used. Such a
methgdnhaé been applied to detexmine the charge transfer‘in

the Mn-O bond of the manganate ion in this study.



© apter II
= Chap

ELECTRON SPIN RESONANCE SPECTROMETER

Both the 300°K and 77°K electron spin resonance studies
were done on a .Varian E=12 spectrometer. The crystals investigat-
ed gave broad spectra at 77°k and none ;t 300°K because the
spin lattice relaxation time, T.» is short at these temperatures,
Liquid helium temperature studies were doné on‘al.spectrometer
built by Professor F, Holuj of the Physics Department Bf the
University of Windsor. This was an X-band spectrometer, At low
tempéfatures, the spin lattice relaxation‘time, Ty, is long,
reguiring the-use of low powers, Méasurements at low power
makes it necessary'.to employ a superheterodyne syatem. Figure 1
shows a block diagram of the spectrométer used., 100 KHz field
modulation was employed. A double Dewaregystem was used to
hold the liquid helium, Liquid nitrogen w§§/;iaced ip the outer
de@ar while the inner dewar was evacuated to about 25 microns
of mercury. This evacuation ensured a slow evaporation of the
liquid helium, |

A cylindrical cavity operating in the TEj;; mode,
shown in Figure 2, was used. A single crystal was.mounted 80
that it could be rotated at 4°K on a horizontal axis while the
magnetic field couldﬂbénrotated,perpéndicular tothis axis. The

crystal mount and gear system are also shown in Figure 2.,
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Chapter III ~

CRYSTAL STRUCTURES

A, General Description: .

" The interpretation of ESR results in the solid state
requires a knowledge of the crystal structure of the substhqce
studied. In single crystal ESR studies the paramagnetic ion is
introduced as an impurity into a diamagnetic and isomorphic
host whose crystal structure is known. Since the paramagnetic
ion substitutes for the.diamagnetic ion in the lattice, it is
generally assumed that the site symmetry for the paramagnetic
ion is the same as for the diamagnetic ion, |

The two diamagnetic hosts used in these studies are
BaseO, and NazFe(CN)SNO.Zﬂzo. Both are orthorhomﬁic end have
four mo;ecules per unit cell, Each has a site symmetry of Cg
at the metal ion. The four molecules in the unit cell are
related pairwise by inversion centers as discussed below, The
pairs are interchanged by a reflection in a plane containing

the unique crystal axis and one parallel to the molecular

plane .

B. Barium Selenatet

The complete cryetal structure of BaseO, has not been.
done but x-ray diffraction studies of powder samples(31 r32)
shéw”lt to be Isomorphi¢ with barium sulfate with similar
unit cell dimensions. The unit cell constants for BaSeQ,,

Baso4 and K oCx0, are given in Table l. BaSe0, crystals belong




:
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TABLE 1

Space Group and Unit Cell Parameters

Ba50233{
Space Group Pnma
a 8,87 &
b 5.45 &
c 7.15 R

BaSeOi32)

Pnma

8.98+0.02 &
O

5.66£0.03 A

7.35+0.01 &

e o A LTI T OET

(34)
K,Cro,

. Pnma

7.61 A
10.40 &
5.92 X

¢
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1l

“to the orthorhombic space group Pnma, poinf‘symmetry‘mﬁm and
have four molecules per unit cell, Each seleniuﬁ atom is at
the center of é distorted tetrahedron of four oxygen atoms,
two of which lie in the ac plane which passes through the
selenium nucleus, The other two are symmetrically situated
abqye and below this plane with the line joining them para-
llel to the b axis. The site symmetry of each molecule is Cg.
In the spﬁge group Pnma, there is an inversion cefiter
at ‘the point 0%0. This inversion center relates the ion pair
at the points x%z and x(3/4)z as well as those at {}=x)3/4(%+z)
and (%+x)%i%-:).-The two pairs arefiﬂterchanged‘byhahglige
reflection across a plane parallel to the c;ystallographic
ab plane, Thus in the mixed crystals, B (Se,Mn)04,rthere will
be,essentialiy two kinds of paramagneti -jons in the 1attice,b.
geometrically identical‘but distinguished\by their differing

orientations relative to the crystallographix

C. Sodium Nitroprusside:

5 .
This crystal belongs to the space group Pnnm(s ) with

' the lattice constants: a'= 11.8A, b = 15.521 and c.= 6,228,

In the sitroprusside ‘ion, the plane of symmetry includes the
Fe=-N axis. Tw0'e§uatorial cyanides are above and two are, below
this plane which is parallel to the ab plane of the crystai.
The Fe-N-0 systems are linear and méke angles of +33° with

the crystallographic a axis. The equatorial cyanides are 90°
apart.-so that there is no crystallographic reason to expect

a major distortion of the crystal field from the;axiai'sypmetry.
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In the substituted crystal, N -e(CN)s(NOINH3).2H20 the gy
principal axis should be perzggzzcular to the ab plane. The
axis asgsociated with the field ﬁarallel to ‘the Fe = Niij
direction. should be about £33° from the a axis.
In thé NazFe(CN)SNO,ZyZO the molecu%e centereg about

the position xy0 and Xy0 are related by‘ihversion t fough the

- origin so also is the pair at (4=x)-(4+y)% and (%+x) (s=y) 5.
these two pairs are related by a glide reflection across either‘
a‘plane paf%}lel to the érystallographic bc-plane or one

parallel tc the ac plane,

D. Identification of Crystal Axes:

BasS0Q, crystals grew prismatically elongated along the
(010} direction'Qith (101) denoting the predominant faces. These
features were also expected for BaSeO4. The long axis Qas
identified as the b axis for Baso4(4). The same was assumed by |
us for BaSeO, cxystals. The a and ¢ axes were roughly identified
by observing the interfacial angles.,

Sodium Nitroprusside crystals are needle-like in
habit along the ¢ axi;. The predominant faces are (110), The

a4 and b axes were identified by visually. ‘considering the

interfacial angles,-

TESTTILTII - 0 ~——r -
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- EXPERIMENTAL

. A, Preparation of Siﬁgle Crystals?

1. Preparation of BaSeO4: .

30g of Na,Se0; were weighed out.and dissolved in 600
ml of distilled watér. To this solution were added 10 ml of 6N
HCl, The solution was then h;;Eed almost to boiling anqllBO ml
“of O.SM BaCl, sclution &éie added with stirriﬁg. The hot mixture
was:further stirred for ten minutes, COVeréd and allowed to .
stand for 24 hours.'fhe precipitate of BaSe04Lwastman filtered
through a sintered glass funnel, Qéshed with hot water and

dried in an oven at 110°C.,

2.Growth of Single érystais of Ba(Se,Mnfoéi:

ThE'first féported growth of singlé cr&stals oijasog
and Ba(S,Mh)04 was by Wagner(36). Pateliand Koshy(37) subsequent-
ly grew single crystals of Baso, by coéling a mélt of an equi-
molar mixture of BaCl, and NayS80,. In this study wagner's |
method was used. This method requires a plétinum crucible since
the molten flux is caustic. A mixture containing:l4% Kc%, 30.,8%
Nacl énd 29.2% BaSeO, yas.thorougply mixed at room témperatﬁre
and . transferred to a platinum'cruéible. About 0.0lg of KMnO,
‘was added for each Zgg-of the starting materia1. The crucible
was placed in a téﬁperature-controlled fﬁrnape which was
gradually heated to 780°%C in air. This temperature was chosen
after a‘fewitrial runs at various temperétures. éhloiide'ions'
liberated aﬁ tﬁis temperature'reduéed-the,permanganate.to the

« e T R Sie e TS
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maﬁgénate. The contents of the crucible were allowed to remain
at this temperature overnight and'the furnace was cooled to

" 640°% at a rate of about 2,0 degrees per hour. The furnace was
then‘allowed to caol to room temperature without céhtrol. The
crystals were separated by dissolving the KCl-NaCl flux in hot
water, The crystals grew as small prismsjaboué 6 mm long énd
-1 to 2 mm,thick.The'éolorlof the substituted crystals varied
'f}om pink to biue. The pink color is due to the presence of
per@angahaﬁe. The ESR signals observed at 49K indicated the

presence of manganate ions, No attempt was made to determine

the concentration of the manganate ion'in the crystals,

3. Preparation of NaaFe!CN)5§§3.3H291

Sodium pentacyano ammino ferrate(IIl) was prepared
aécording to Brauér(38) by first preparing the diamagnetic
Néare(CN)sNH3.3H20. 30g of sodium nitropruss;de were weighed'
out and‘d15501Ved along with 4g of NaOHin 120 ml of distilled
water. The mixtufe was cooled in an ice-water bath, At 0°C
ammonia was introdpced until the solution was :saturated .
During the operation fhe temperature was not allowed éo exceed
20°c, The solution was then kept under locose cover for several
hours at 0% ang the crystals which Separated from the ibrownish:
yellow solution were collected by -filtration, The remainder
of the compound was Precipitated from the solution by addition
of methanol, The product, Na3Fé(CN)5NH3.3H20, was purified by
solution in some cold w&tei, from which it was precipitated
as.fine.yellow needles by careful addition of 90% alcohel, The
crystals were dried for several days in a vacuum desiccator

/
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over calcium chloride,

4, Oxidation of NaaFegCNQSNH3.3H29 to NadFe(CN)qNHq&EQQL
A solution of 20g of sodium nitrit? in 50 ml of

distilled watef was treated at 0°C wiﬁh 20 ml of 30% acetic
acid and then with 30g of NaaFe(CN)sNH3.3H20 prepared above,
After two hours, a 1l:l mixture of alcohol and ether was added;
this first precipitated é violet aquo complex salt‘(formed in a
side réaction); further addition of alcohol-ether mixture
precipitated the desired salt, This was purified by repeated
solution in cold water and precipitation with alcohol . The
.dark yellow powder was dried to constant weight in vacuum over

concentrated sulfuric acid, |
| |
5., Growth of Single Crystals of NaoFe (CN) s (NO,NH=) .2H,O1

To a saturated solution of sodimnnitrOPIUSSiée was
added about 0,5% by weight of NazFe(CN)sNH3.H20. The BLlution
was thoroughly stirred and allowed to evaporate slowly| over
several days.‘The best crystals were obtained by evapo}ating,
ethanol-water solutions, The crystals\grew as small pr}sms
and varied in length and thickness. Well formed crystais 4'mm

long and about 1 mm thick were used for ESR measurements.

|
|
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B. Operational Techniques:

A-well formed crystal of BaSeQ, containing Mnoin ion
was selected for the study. This crystal was mounted by means
of '5 Minute Epoxy' (manufactured by Le Page's Ltd., Montreal)
to the end of a polyeﬁhylene rod with the b axis of the crystal
approximately parallel to the axis of the rod, The -polyethylene
rod was attached to the cavity by means of the gear system
shown in Figure 2, The magnet can be rotated about an axis
orthogonal to that of the rod. Thus a combined rotation can
align the b axis along the magnetic field direction. When the
alignment of the axis is correct, the four molecules in the
unit cell will be magnetically equivalent, thus giving identical
resonances. A slight rotation of the magnet was found necessary
to correctly align the b axis parallel to the magnetic fieldx
This is at the intersection of two planes in which the resonances
of the molecules in the crystal coincide. These are the ab and
bc planes, Along the ab plane the g values show ah ingcrease

as the magnetic field moves away from the b axis towards the

a axis. The haximum g value occured when the magnetic fielg
was along the a akts, 90° away from the a and b axis lies
the ¢ axis., The a and ¢ axes were used to define the ac
plane, Except wﬁen the magnetic field is along the a or ¢
axis in the ac plane, the four molecules divide into two
magnetically inequivalent pairs and the resonances of each

pair are resolved. Spectra were recorded at selected points
in the ac plane,

J
The same procedure .was employed for,Fe(CN)smﬂg ion

in Na,Fe (CN) gNO, 2H20 crystal but the axes were differently

labelled., The unique crystallographic axis was now the ¢ axis,

———— et -. . - - e o L Tl b mesana -
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Spectra were recorded at selected intervals in the ab plane,
The magnetic field of each ESR transition was
determined by measuring the frequency' of a proton resonance.
The frequency of the proton oscillator was varied until the

. proton signal was observed on the oscilloscope. This frequency
was measured with a hewlett Packard No, 5253A Fregquency

counter, The value of the frequency so obtained was accurate

to 1 kliz and since the magnetic field was homogeneous in

this area it was not necessary to correct the value of the
frequency for the probe position. The mechanical reproducibilitg

of a given crystal setting was 0.50.
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Chapter V
THE SPIN HAMILTONIAN FOR dl IONS IN A

TETRAGONALLY DISTORTED ENVIRONMENT

A, The General Hamiltonian:

The energy of a transition metal ion in a crystal
field in the absence of an external magnetic field can be
described by a quantum mechanical hamiltonian which includes

magnetic as well as electric interactions and can be \g,itten

ELP /2m) - Z(Ze /ry) + (Zez/r .t E)\ljﬂ.

1.3
o Te (5)
Z:l Siva: "L Ee Yc (r )+ Quad.

as:

in which E(pz/Zm) is the total electron kinetic energy of
the paramagnetic ion, summed over each electron-of the ioﬂ,
BZez/ri is the coulomb attraction Between the nucleus and
.these electrons, Zez/rij is the coulomb repulsion between
electroné and is sumned only over pairs of electrons,
zlij%{'ﬁj is the spin-orbit coupling with each i and j rang-
ing over all electroms, Lsy58;°I is the magnetic interaction

between. all electrons and the nucleus, Eeiéaﬁri) is the

crystal field interaction and %fuu a is the nuclear
ad.
quadrupole interaction,
. The first five terms represent the Hamiltonten for

the free ion. The f£ifth term is the crystal field inter-
action , a term in which it is assumed that crystal field
sources external to the ion give rise to electrostatic poten=-

tial ¢c at the ion with which each electron interacts. The

-
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synmetry of the crystal field determines ihe nature of-the
resulting energy levels and the extent of the degeneracy
remaining in them, '

- If the molecule is'placed in a magnetic field H, two
additional terms must ba'added to the Hamiltonian given bﬂ”“ks\
equatiﬁn (6) « These are:’

BeH® (I + 2.00235) = g By H'I (7)
in which L and § are the orbital angular momentum and the
intrinsic spin Vectoé operators respecti@ély. BN and ﬂgw are
the nuclear and electronic magnetons respectively and 9y is
the nuclear g factor, 5 is the nuclear spin vector operator.'
These terms result from the interactions of the electronic

and the nuclear magnetic moments with the magnetic field.

'Be The Spin Hamiltonian:

I}

It is difficult to calculate the energy levels using
the above Hamiltonian but since in ESR one is concerned only
with the spin .states of the electronic ground state, it is /
possible to integrate out the elec£ronic fﬁnctional'variables

and by second order perturbation theory derive a-spin Hamiltonian,

This Hamiltonian involves only spin operators, predicts the

ground state apin states and for § = % for one nucleus, has
l\

the form:

3’{5 = aegigos + L'%',S,, - . (8)

—

where H-g-s is the magnetic ) dceman term in which H is the
exterhal magnetic field,‘g is the electronic apin Vector and
g,is a second order matrxix, This term arises- from the inter-

action of the hagnatic field 'with the spin and.orbital-angular

e . - AT
- . PR TR
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momenta of the electron. The second texm L+A°S is the hyperfine
splitting term in which I andlg'afe the nuclear and electronic
spin magnetic momentum’ vectors respectively and‘g is a second

' order matrix, It can be shown that the hyperfine term can be
written as a'sum of two terms, one representing the anisotyropic
part which prises from the dipolar interaction between nuclear
and electronic spins whiéh are not too close to each other,

and the other representin§ the isotropic part which arises

from the Fermi contact interaction due to the electron density
at the nucleus, The principal axes of the A and the g matrices
.are usually orlented in.the same or nearly the same direction,
These axes can be conveniently deté;mined by measuring the

ESR spectra of a single crystal,




chapter VI

1

EXPERIMENTAL RESULTS d

A, Manganate Ion in Barium Selenatet

1. The ESR Spectrat

The crystal structure of BatSe,Mn)04 predicts that
when the magnetic field is along the b axis of the crystal,
the magnitudes of the direction cosines for the magnetic field
relative to the molecular axes of all four molecules in thé
unit cell are identical and only .six lines will be expected.
These six lines are due to the hyperfine interaction of 55Mn
nucleus which has a nuclear spin of 5/2 resulting in (2I. + 1)
lines. The six lines were observed as expected and the spectrum
recorded in this orientation is shown in Figure 3. In the
crystallographic ac plane, the six lines should split into

two sets of six lines except when the magnetic field is along

.either of the other two crystallqgiaphic axes, This splitting

of the six lines is caused by the fact that in this plane

the four molecules nowdivide into two magnetically inéqui-

valent pairs.Twelve lines are therefore to be expected but in -

general only eleven or ten lines were observed due to accidental
overlap of one or two linés. A typical spectrum recorded-in the
ac plane is shown in Figure 4.

Since the molecular symmetxry mirror plahe coincides
with the crystallographic mirror'plane, two principal axes of
g,must lie in the plane. The exact orientation of these with

respect ‘to the crystallographic axes can be derived experimental=-.
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ly by.plotting 92 as a . function of the angie'bf rotatLLd in a
specific plane. These two principal axes must be orthogonal
and the third principél‘axis must be orthogonal to the mirror:
plane, This third principal gxis?gy is parallel to the b
crystallographic axis. The positions of each resonance line
of the gpectrad recorded in the ac plane are given.in Table 2.
The line width of the spectra are about one gauss and the.

line shape is nearly gaussian. - .

2.+ ,Determination of the-Hyperfine CouEling Constants
The angular dependence of g and A can be derived(39?

by perturbation theory from the spin Hamiltonian given in

equation (8), The first order results are given as 1

1'}'\) (M1} = gBfH + KM . | (9)
2 -
g = (gicosza + g§c0323 + gicoszy)l/" (10)
‘ 2 2 .
K = (giAicosza + 9;3300523 + ngggos”Y)llz/g (11)

assuming g and A coaxial, where cosa, cosf and cosy,are the
direction cosines between the principal axes and the magnetic
field direction, g, gy and g, are the principal‘g values,
Ax, Ay and A, are tﬁe principal A values and My is the
azimuthal magnetic guantum number for the nucleus,
Experimentally we vary ﬁ keeping v constant. Sﬁlving

3

equation (9) for H gives
H = (hv,/g8) =~ (K/gB)M; (12)

where v, is the frequency of the spectrometer and h is

Planck's constant, Thus to first orxder, a spectrﬁﬁ‘of six

equally spaced lines separated by K/gf gauss and centered at

e w A r——— gy e e
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hvo/gB.qauss is expected. When the hyperfine coupling is large
compared to gBH; equation (12) is no longer adequate and we
mﬁsﬁ include second order terms from peiturbatipn solution
of equation (8). Thase terms. are given in the Appendix,

Examination of these equations reveals that the
sacond oxder terms depend on M% only and therefore accurate
values of K/gB can be obtained from the equation
| /98 <Lk~ H_y 3/2]n B a3
Since there are three values of |4 , ‘a8 given in Table 2,
we obtain three measurements of K/g8 from each spectrum using
equation (13). The average K/g8 values for different orient-
ations of the magnetyr field in the ac plane arh given in
Table 3 for each of the two resonances observed. Also the
value of k/g8 for the b axis is given,

The determination of K requires a value for g. Since
g need be known to only three or four significant figures for
this purpose, second order corrections are not necessary and
g was calculated from the value of the center field, hv /g8,
for the six liﬁe.spectrhm2

One of the principal axes must be along the b axis

and this has been designated the y axis. Therefore Ay is the
value of A found for the ﬁagnetic field along the cfystallo-
~ graphic b axis. The x and z principal axes must be in the ac
plane and are found at the positions of the maximum and minie
mum K values, For a rotation of the.méghetic field in an .

arbitrary-crystal plane, equation (1l1) takes the form

oK (K2 4 RISy = (GKIogdeosd (om0 L L (14)
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TABLE

2

Resonance Positions in Gauss for Rotation in

Angle

20

35
50
65

81

97

N Y
97

b-Axis

+5/2

3372.7
3334.0
3295.4
3251.3
3196.1
3154.8
3128.7
3116.9

3124.4

3295.4
3334.0
3372.7
3260.8
3201.5
3157.6
3128.2
3116.5

3222.6

and Along the b-Axiq

+3/2 4172
Lipe I
3381.6 3395.7
5358.L§/333§%4
3348.2 3395.9
3323.6 3393.9
3293.2 3389.9
3272.3  3390.2
3258.3 3390.2
3252.5 3388.7
3263.7 3388.7
Line II
3348.2 3395.9
3368.1 3398.4
3381.6 3395.7
. 3369.4 3400.9
3327.1 3389.8
2295.3 3386.4
3271.4 3362.1
3257.6 3388.7
3263.7 3388.7
3308.8 3397.6

-1/2

3413.6
3426.7
3442.2
3462.2
3486.1
3509.6
3522.4
3526.7

3520.3

3442,2
342é.7
3413.6
3430.5
3452.,0
3477.2
3499.0
3518.3
3526.7

348%9.4

\—3/2

N

3434.5
3450.1
3483.4
2526.3
3579.9
3627.5

3657.4

3667.9

3654.1

3483.4
3450.1
3434.5

3457.0

3509.4 -

3565.3

3612.7

3650.1 -

3667.8

3584.3

the ac Plane

—5/2

3459.4
3475.6
3523.7
3587.4
3672.9
3744.9
3792.2
3808.4

3787.4

3523.7
3479.6
3459.4
3486.4
3564.3
3650.0

'3724.7
3780.9
3807.7

3680.6



Hyperfine Splitting Constants, K/g8, in Gauss

Angle

-9

20.
35
50
65
81
97

b=-Ixis

The angle is measured "from the a axis.,

27

TABLE 3

dir the gc'Plane for Mnoi' at 4 ©°K

. Line I

17.6

28,2

45.3

67.6

95.8

118.1

132.7
137.9

132.2

9l1.8

H

1+ 1+ I+ 1+ i+

I+

for'Rotation

Line II
45.3 t 0.5
28.2 £ 0.7

17.6 £ 0.2
28.9 t 0.7
61.1 + 0.7
90.2 & 0.7
113.7.¢ 0.2
130.4 + 0.2
138.1 £ 0.2

_
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‘where 8 and 8 . ¢ {Gte respectlvaly the angles at which (gK)

was measured at any .specified orientation, and the angle at

which (gK) is a maximum. (gK) pax and (9K)pin are the maximum

and minimum values for (gK). The best values of (gK)max, (gr{)min
and O,y Were found by fitting the values of K g;vea in Table 3
to equation (14) with a least squares program written by
Tepper(4o) and slightly modified. The values of Ay, Ay and A,

and the angle o between. the 2z principal axis of the hyperfine

tensor and the a crystallographic axis are given in Table 4.
Figure 5 shows a plot of K in gauss versus the angle @ in
the ac plane. The z axis is chosen as the principal axis
that lies in the symmetry plane of the ion and comes closest

to bisecting the angle between the two oxygen atoms in the

_plane,

3, Determination of the g Values:

The appropriate values of g obtaiued by “the~fi:su1
order equations must be corrected for second order terms.,
Using the estimated values of‘Ax, A&, Az, 9y Iy and g, the
g values, for the various orientations, corrected for second
ordexr effects were calculated. The second order equations are
not strictly valid in this case because, as will be seen later,
the principal x and z axes are not the same for both the g and A
tensors. However since the angle between the principal axes is
small, the error incurred in using these equations is not more
than the normal errars in deter&ining line positions.Thus when the

£

magnetic field is along the b aﬁis of the crystal, the magnetic

field B, for a specific value of MI is given by 13
. hy (A + A '
H(t)= — - Y )

M, = -—-—-———— [I(I + 1) - M%) (15a) -

9yB gyB 1 ‘Agyfhv, S
For two resonance lines of the same Ny
8

» equation (15a) yields
i
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Figure 5. Plot ‘of K in Gauss versus 8‘for Mno2" in

BaSeQ, in the ac plane. 8 is measured

, from the a-axis,




Principal g and A Values for MnO

' BaSe0,
9, 5 1.9580
9y 1.9655
g, - 1.9824
al{g,) 13.4
A, (1074 en-l)  126.0
A (1074 en™h)  84.2
a (1074 emh)  16.3
a(A,) 9.2

a_Reference (4)

b Reference (2)

I+

I+

I+ I+ H+

H

30

TABLE 4

0.0004
0.0008
0.0004

0.5°

i- at 4 9K

BaSO4a
1.9600
1.9687
1.9800
o
128

79

48

13°

K, CrO
1.966
1.970

L.938

33
25

135
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Bt + B(-Mp)] o (0 + A 2
=B e et [T(I 4+ 1) - MI]
2 | 49y8hr,
where H® is (hvo/gyae)_from whigh gy 1s calculated,

(15p)

o T

- ‘Equation (15b) was solved for H® and evaluated
using the estiﬁated values of A, Ax and gy._Three values of

H® were obtainég an?d their average used to calculate gy corredt
ed for second d%der effects.

For rotation in the ac plane the magnetic field H{Mp)

is given by:

hv Kiy (AiAz + Aixz) 2
H(M) = —=2 - - A (I + 1) - M1 :
- 98 g8 . 4gBKR%hv, (16a)
2.2 (p2 _ 2242 .
g<g< (A, - Al)
- X X Z  M¥sin% cos?a

g%  2k%genv, T

where o is the angle between the z axis and the magnetic field;~>
K ang g are the hyperfine splitting constant and g values
respectively for a specific orientation in the ac plane., Again,

for two resonance lines of the same M., WVvalues, equation (lé6a)

I
yields: . - (A2A3 AZKZ
S H(M) + H(-M)] = w® -lEXEF Y Jtex + 1) = 42)
4gghv K
2_2 2 2.2
g g9 (A - A ) 5 . 2 .
- x4z X Z siﬁzgcosza-mx ; (16b)

2
g 2gBhv K
The last’'two terms of equation (16b) were estimated from

the values of A,, Ai, Az, 9x» Gye 9z and the angle a estim=-
ated from a plot of first order g2 versus the angle 6 defined
above., Three values of H® were obtained £or a given orientation
and their average was used to calculate the g values corrected

for second order effects using equation (17)
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g = (2.0036 x Hpppy) /H® , (17)
The values of HO, g, and g2 80 obtained are given in Table 5,
For a rotation of the magnetic field in an arbitrary

crystal plane, equation (10) takes the form:

* 2 2 260/ w:
g = {gﬁin + (gmm = 9nin) cos (9 --Bmax!}ﬁ (18)

Using the ,computer program mentioned earlier the g vélues
gilven in Table 5 were fitted to equation (18),., The principal
g values obtained have been given in Table 4. Figure 6 shows
the plot of'g2 versus the angle.e in the ac plane for the
experimental and computer-fitted curves. TaLle 6-gives the
values of g2k i.nrcm"'2 used for the plot of gZK? versus the
angie 8 in the ac plane shown in Figure 7,

Single crystal ESR studies of Mnoi- ion have been
reported by+Carrington EE.El'(Z) in a KaCr0, host lattice
and by Kosky EE §££4) in a BasO, host lattice, The principal
g and A values in these two hostllattices have been given in
Table 4 for comparison with the corresponding values for ‘the
BaSeO4 host lattice. The space group and unit cell parameters
for these three hosts have been given in Table 1, Figure 8a
shows one of the chromatg‘tetrahedra projected onto (100} and
Figure 8b shows one of the sulfate tetrahedra projected onto
(010), It is assumed that siﬂbq\BaSO4 and BaSeOy4 are iso~_.
morphic Figure 8b willﬁapply to BaseO,. The bond angles and
the bond distances for all three ions are listed in Table 7,
Or and Or11 are the two oxygen atoms in the molecular symmetry

plane and OIII for soi' and.CrO%' represent the two oxygen

atoms above and below this plane, For Seoi-, space group Pmmm,

. . P Ly b b hd
. Al P e P T 1) 5" u,"*}'."_',.". L
T - R R T I 1 T PR T

T T M e
LIS ] 2
g Ak

- ST et e R Do e e e e e s xS e e e
B e R NPT TR R T L R T T ' i



33

3.90

3'8 8
2
3.86
3.84
3.82
0 36 40 &0 80100
ANGLE © '

Figure 6, Plot of g2 versus 8 for Mnoi_ in BaSeQ, -in

the ac plane. @ is measured from the a axis,



The Values H® in Gauss and the Corresponding g and g

Angle

50
' 65
81

97

20
35
50
65
8l

97

34

Y

"TABLE 5

2

Values for Fotation in the ac Plane at 4 bK

at a‘Frequency of 9,425 GHz

HO

3422.5

3423
3427.9
3434.5
3444,1
3455.6
3462.4
3464.3

3459.4

3427.9
3423
3422.5
"3424
3426
3437.3
3448.3
3458.9

3464.3

H

-+

H-

I+

1+

53

23

I+

L=

Line I

g

0.7 1.9822 ¢

3. "1.982
0.9 1.9790
0.1 1.9752
0.2 1.9697
0.2 l.9632
0.5 1.9593

0.2 1.9582

0.2 1.9610
Line II
0.9 1.9790
3 - 1,982
0.7 . 1.9822
2 1,9815
1 l.98bl

0.7 1.9736
0.2 1.9673
0.2 1.9613

0.9 1.9582

H

I+

=+

i+

H

H

i+

+

i+

+

i+

0.0004 . -.

0.002.

0.0005
0.0001
0.0001
0.0001
0.0003
0.0001

0.0001

0.0005
0.002

0.0004
0.0009
0.0007
0.0004
0.0001
0.0001

0.0005

"3,9289

3.9283
3.9165°
3.9016
3.8798
3.8540
3.8388
3.8347

3.8456

3.9165
3.9233
3.9289
3.9262
3.9208
3.8952
3.8703
3.8467

3.8347
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Table 6

. . -
Values of g2K2 for MnOy in»BaSe04 for the rotation in the

éc plane and at a Frequency of 9,425 ng

Angle g%ﬁz x 107% cm1
Line I ' Line IIX
-9 0.104 0.687
0 0.267 0.267
) 0.687 0.104
20 l.618 0.280
35 . 73.016 | . l.249
50 4.518 2,690
65 5.656 o | 4,219
8l - ' | 6.092 5.480
97 - 5.636 6.113

The angle is measured from the a axis.
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| . P L1 {1
0 20 40 60 80 100
_ ANGLE 0
2 - .
Figure 7. Plot of g2K versus 0 for Mnoﬁ' in BaSe.O4 in
the ac plane. 8 is measured from the v

a axis.
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Figure 8, The pr1nc1pa1 g akés in the symmetry plane,

for Mno2 in (a) KZCrO4 and (k) Baso4




TABLE 7
Bond Angles and Bond Digtances for soﬁ", Seoi- and Croi"
Tetrahedra
Bond Angles Bond Distances
2=
SOy
0 -
Oppp = S = Oppp 106 5 -0r;; 1.48 %8
(o]
Orzr = S - 0f 108 s - 0 1.50 &
o b -
0f -S§=0,. 114 S =0,  1.52 R
o
Opy .= S =0, 11
2- (a)
SeO4 -
— o . — 0 '
OI —.Se OII 116 , Se OI 1.57 A
. .
[ - Se = Oyrr 109 se - 0;; 1.57 R
- o N
0, - Se-o0p, 112 Se - Opyp 1.64 2
. o ’
Opy = Se - Opyp 112° Se - 0, .1.66 &
' 0
Or; = Se - O, 106
o] 3
Oppy = Se =0y, 106
Do
- Cr04'
o )
Oy = Cr - O = 105 | cr - Opyp .65 §
(@] .
Opgp = Cr = 0p  109° . cr - o, 1.60 &
: , [#] ) .
op =cr-oy 1’ Cr = Ory 1.50 &
Q
0L = Cr = Oppp 112

{(a) Bond angles and distances for Seoi" were taken from

reference 41 for H,SeO

2 4°

-l
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O111 and O;,, are the counterparts °f.0111 but they are not
identical to each other since they have different bond
distances and angles¢ The site symmetry for CrO%q and SO%'

is Cg. The principal g value directions for'MnOi- ion in
K,CrO4 have been shown in figure 8a while those for Mnoﬁ-

ion in Basoé'are shown in Figure 8b, Both the g, and Iy
principal axes lie in the bt plane with the g, axis dis-
placed 5° from a line bisecting the Oryr =Cr=Or171 bond

angle, The gy principal axis direction is parallel to the a
crystallogfaphic axis. The é; values for Mnoi- in both Baso,
and BaSeQ, are the maximum values while the g, value for

Mnoﬁ- in K2Cr04 is the minimum value. However, it has been
found in BaSe0O, th¢t the maximum g value and the minimum
hyperfine constant are directed 4° away from each other. This
indicates that in the ac planﬁuzpe principal axes of the g and
A values.are not the same. This has also been observed for
MnOiu in K,CrO0,. The maximum value of the hyperfiné'épiitting

: . . . 2= . .
constant is along EPQ z direction for MnO4 in K,Cro while

4

the minimum value is along the z direction for both BasOy

and BaSed4 hosts. Thus, as for the g values, the maxima and
' A

minima for the hyperfine splitting constants are reversed.

4..Fofﬁidéén Transitions:

When the magnetic field is along the a axis, some
of the 'forbidden transitions', AMS = 1; 4M; = 1, which were
less intense in other orientations, now become more intense

than normal transition

‘--\_

splitting constant relative to the quadrupole interaction

~

The small value of the hyperfxne

R
gave rise to these large/quadrupole induced transitions.
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However, the large overlap of the two resonances (forbidden
and allowed) in this region precluded a careful orientation

stﬁdy thus making it difficult to obtaln the values for the

quadrupole -terms in the spin:Hamiltonian,

B, Ammninopentacyanoferrate (III) ION in Sodium Nitroprusside:

14

l. The ESR Spectra:

The cryétal Structure of the host, sodium nitro-
prusside, éredicts-;hat if Fe(CN)SNHg-‘ion‘is substituted as
.expscted, the four molecules in the unit ce€ll will be magneti- .
cally equivalent when the magnétic field is along the unique
crystallographic axis and thus will give rise ‘to a single
resonance signal, This unique crystallographic axis is the ¢
axis and the EéR Spectrum recorded when it is along the maé-
netic fiéid is shown in Figure 9, The line width of thds
spectrum is 6 gauss. In the crystallographic ab plane this
single resonance splits into two lines since the four molecules

' in'the unit cell now occur as two magnetiéallf—equivalent pairs,
For all orientations in this plane, except when either of the
two crystallograpghic axes are-along the maéhetic field, two
lines were obsgerved, Iron-S? has a nuclear spin of 1/2 but
its abunbénce %s too smqii to give any observable hyperfine
splitting, The only hypeifine splitting Bbserved is that due
to 1y of the NH, groﬁp which is resolvable only when the
magnetic field is near the z principal direction, The sgectrum
recorded when the méénetic field is along this direction is

~shown in Figure 10, The splitting was too small to be -observed

e e —_—
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- in the cther two principal directions of g. In addition to

these lines, some weak sharp lines were observed in scnre
orientations. Thase weak lines were attributed to a stronE

field ds iron species by reason‘of the large variaiton in

the g values with orientation, These may result from Fe(CN)Swng’
jon doping into the site such that the NH, group occupies the
position of a CN group instead of the preferred NO site. It

was not possible to analyze these weak lines well enough to

characterizé their principal g values.

L]

2, Determination of the g Values:

' The angular dependence of the g value has been given
lﬁgf;;:ation (10) , -Since two resonance lines were observed for
the two pairs of magnetically inequivalent molecules during
the rotation in the ab plane, the magnetic fiéig,d% each- line
was determined by measﬁring the frequency of the-protOn . nuclear
magnetic resonance. Six reliable values were obtained -for one-
line and four values foé}the other line and with a knowledge
of the point gﬁ intersection of these lines, these values
were combined for the g analysis. The values of these magnetic
' fields used in the conbined g analysis are giﬁen ir Table 8,
Since DPPH (diphenylpicrylhydrazyl) was used as a reference,

the g values were calculated from equation (17). Using the

computer program mentioned earlier the experimental g values

were fitted to equation (18). The plots cf the g ang g2
against the angle 6, defined with respect to the z axis,
are shown in Figures 1l and 12 respectively,

As ggpected, both the LESR lines coincided in the c¢

direction, which will be called the y direction in the complex.
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Table 8

H in Gauss and g Values used for the Combined g analysis

2-
for Fe(CN)sNH3 in the ab Plane

Spectrometer Frequency 9,489 GHz

Angle
0
15
30
44
45
59
60
75
89
104

The angle is measured £

H{in Gauss)

2263

2336.4

o
F

2580,5
3017.8
3062,5
4025,9
4036,7
6040,2
8004,3
6258,3

om the

«5
12
+5
t8
12
10
21

£19

+20

t12

g9
2,9959

2,9018
2.6273

2.2465

2,2138

1.6840
1,6795
1.1224
0.8470

1,0833

z principal axis.-

+,001
t,002
£,005
£,006
+,008
+.004
+,008
£.,004
$.002

t.,002
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Figure 11, Plot of g versus 6 for Fe(CN)sNH3 ion in

NazFe(CN)SNO.Zﬁzo for rotation in the ab plane
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) ] 1 l
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o .20 . 40 60 80 100
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- 2= .
Figure 12, Plot of g2 versus 8 for Fe (CN) gNH4 i%n in

NazFe(CN)sNO.ano for rotation in the ab piane
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The two other principal directions are in the ab plane making
angles of $319 ana #59° to the a axis.. The principal axis at
31° will be called the z direction and is associated with the
Fe -~ NH, direction in the complex ion. The other principal

axis in this plane at =59° will be called the x direction,

3. Nitrogen Hyperfine Splitting:

When the magnetic field is near the z principal axis
three hyperfine lines are observed, Nitrogen-14 has a nuclear
spin I = 1..This splits the single resonance of iron into three
components. The three 1ines were measured with pxoton NMR and
the.central line was used to calculate the g value. The hyper-
fine splitting constant was determined by taking. the avefage
of the differences betvieen the two outer lines and the central
line, This was found to have a value of 5.8 gauss, Attempts to
obtain the extrapolated values of the hypérfine splitting in

the other principal directions by plotting g2K2

were unsuccessful because both g2 aﬁg K2 decreased rapidly

versus c0528
making extrapolation uncertain, In these directions the line
widths were used to estimate an upper Jlimit on the magnitude
of the hyperfine interaction by taking one half of the line
width, These valués as well as the principal g values and the
orientation of the z and x principal axes with respect to the

a axis are given in Table 9.

g | |
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TABLE 9

2
3

Principal g and A Values for Fe(CN)sNH at 4

g, = 0,8470 +,002

g, = 2.177 + 0.001

s, = 2,9959 ;.qq; . _
A, | < 2.2x10” % cn™t
|2, | < 3.7x107% em™1

A, = 8.,1x0.4x107% cm™?

8, = 3l°

6, = 59°

where: §, and ex are the -angles between the 2 and X -axes

. and the a ‘axis of the crystal xespectively.

1

T R



Chapter VII
ANALYSIS OF THE SPIN HAMILTONIAN PARAMETERS

Two appraaches have been used in the analysis of the
spin Hamiltonian parameters.'The§e are the Crystal Field Theoxy
and the Molecular Orbital Theofy:"The Crystal Field Theory
treats the interaction between the metal ion and the ligand
as purely electrostatic, the ligand atoms or ions being represented
“;5 point charges. It does not take into account the partlj
covalent nature of the metal-ligand bonds., On the other hand,,
the Molecualr Orbital Theory: takes into account the metal-
ligand interaction which it describes in terms of molecular
orbitals formed by the overlap of ligand and metal orbitals.

The use of these two methods in the analysis of the spin

Hamiltonian is discussed below.

A. The Crystal Field Approach to the snalysis of the Spin

Hamiltonian Parameters Ior Mnoﬁ- in BaSeUus

This theory predicts a splitting of the d orbital
levels in a tetrahedral molecule such that the orbitals belong- .
ing to the E irreducible representation lie lower in energy
than the T, irreducible representation. The single & electron
may be either in the d;2 or -~ dxy ‘oxrbital.The axes‘are
chosen .so that the z axis is an'impioPer iptation'axis.ﬁor the Doy
.symmetry while the x-and ¥y i axes-are in £he“mirror planes. A

comparison :of the spin Hamiltonian parameters for Mnoi- in both

BaSO,4 and BaSeO, listed in Table 4 shows that they are similar.

49
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(4)
Kosky et al. have analyzed the spin Hamiltonian parameters

for Mnoi- in BaSO, considering the two possible ground states

of 4,2 and 4, orbitals., Their results show that while physical=-

Y
ly meaningful parameters wére obtained. assuming dz2uground
state, no physically reasonable parameters were obtained assum~
ing qu as the ground state. T%Ps their -ana}ysis'favors the'
d,2 ground state for Mqoi— in both BasoO, and Base0,. In this

study it was found that the linewidths of the ESR spectra are
(4)

narrower than those found in the studies of Kosky et'al, and
5 .
Banks et al.( ) These narrower lines resulted in greater accuracy

in the determination of g and A values and hence, to the find-

ing that -their principal axes are not the same. This requires:

uUs to assume no higher a local symmetry than the site symmetry

Cse In this symmetry group the 4,2, dx24y2 and the dy, orbitals
betong to the same irreducible representation if the symmetry plane
is/;aken_to be in the xz plane. The dxy orbital Wust lie close

in energy to the dz2 orbital since liquid helium tenperatures

were required fo Observe a resonance signal, indicating a .

short spin-lattice relaxaﬁion time, Ty Thé general d orbitals

can be written as:

=
8]
il

ad +
z 22 bdxz_yz + Cdxz

-
bo2_ 2= a;d -

2 + bldzz + cld

x%-y

<=
i

(20}




Mrmalization and orthogonalizdiion require that

1

ac,, + bb2 + ca2 = 0; - .

alb2‘+ blc2 + cia, = ;-

ab. + ba1 +-cci‘=-9:

aja, +'blb2 + clc2 = 1
e? + £2 = 1.,

r

If the groﬁnd state is y,2, perthrbatiﬁn method can be used
to estinate the effects of the spin-:orbit terms since the
mixing of the closest state, wxj' Py spin~orbit coupling gives
terms of small magnitude. The resulting two Kramers doubletg
(42)

were obtained by McGarvey and are given by

by = WDy - AV - BBV, - (L7200, o + (1/2)DY,

+ /2By + (L/20FY 0 #

(20)
‘ - . - . - : + i +
y_ = | lpzz 4+ lAq’xY + lBlpyz + (1/2) waz_yz - (1/2) Dlpxz

+ (;/2)E¢;y + (i/2JFw;z

where y and y_. are spin up and spin down wave functions,

2be + cfy &
A = ) ¥
( 2 AExy
t ce - 2bfy E
B = H
(so=5208)
¢ = [et/3by - a)) - ¢ (/3a ~ b)1§/§Ex2_y2:
D = [e(/3a + b -£c)1E/AE,
E = [f(/3a + b) + ecl&/AE

yz’
F = [e{/3a + b) - fCIE/BEyz
and £ is the spin orbit coupling constant. 8Ey,, 8E.,, AE,,
J -
and, AE
- x2

5 are the energy differences.between the ground
-Y ) . -,
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-

state y,2 and . the states wyz. wxy,a wxz and Yy2_,2..

=Y
" The actual values of the coefficients in equation (20)

depend strongly upon the choice of the coordinate axes x and

Z. Since,t@ere is no symmetry requirement for choosing these

axes, we shall choose the most convenient which is the axes

that makes ¢ = 0, This is convenient because it eliminates

one variable and the axes will be approximately the same as

the principal axes of the A tensor since the major'contéibution

to off-diagonal terms in‘the A comes from the admixture of dxo

into the ground state. Also this choice eliminates terms

involving aj, by, Cj3r 33y b2 and ¢, from the resulting equations

80 that only two independent orbital coefficients(b and £) will

appear in these equations.

The g values are then. found by operating within the
ground state doublet Yy, with the magnetic Zeeman operator,

'Bﬁt(& + '2.0023g) and- this gives:
g,. = 2.0023 - 8b%[n, + £2(ny - n,) 1

g, = 2.0023 - 2(/Fa + b)%[n, + £2(n. = n4)]

X 1 2 1 (21)
g, = 2:0023 - 2(/3a - b)?n,

gXZ =. 4bef(/3'_a + b) (nz - Tll)

where g _#is the off—diagoné.l___element of g tensor inthe xg.
_Plane and PI =‘E/AEY23 Fz = S/AExy; Ny = E{AExz'

Similarly the A values were found; by McGarvey .., to be:

A, = -K + P{(4/T) (1 = 2b%) + (n3/7) (/3a - ﬂ)(/?éf3b)
~ (/1) (/3a + b)(/Fa - 3b) [n; + £2(n, - n)]




+ {g, = 2.0023)}; ‘ |
A_. = =K + P{=(2/7) (1 = 2b%) = (4/3/7)ab - (4/3/7)ab e

" *[n, + fz(nl - ﬁz)l = (ny/7) (Y3a = Db) (/3a+3b)'> o
+(g, - 2.0023)}; . -~ - (22)
A, = =K+ P{=~(2/7) (1 - 20%) + (4/3/T)ab + (4/3/7) ab |
"xny + £2(ny = ny)1 = (1/7) (/3a + b) (/3a-3b)
x[ny +'f2(n2 - nl)j + (gy. = 2.0023) :‘
A= (2/7)efbP(n, = nj) (15/3a + 1lb);
zx = 2efP(ny = ni) [2b(a + V/3b) - (a/7)(3a + /"b)}

where P = 2, 0023gNB BN<.r“3> ve and K is the Fermi contaﬁt tefﬁ.

In deriving equations (21) and (22) it was assumed that E/AL 2 y2

* n3j. This quantity may be approximated because it appears only

in terms whose values are small,

To diagonalize the g tensor, the x and z axes must be

rotated, The angle through which they must be rotated is given

Al

by:

tan2¢ = 2gxz/(gx- g,) {23)
To scolve for seven unknowns in equat&ons C2l) and {{\), it was

assumed that the values of Ay, Ay, zr 9 and g, are the

%’ gy
same as the principal values determined experimentally and

that ¢ is equéi to the angle between the principal z axes for

the . g and A tensors, qugtions (21) anad ¢ ) were solved

by successive approximations., A was assumed positive ang Ay

and Ay negatLVe since assumine A, negative resulted in a smaller
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value for P indicating considerable delocalization of the unpaired
" electron, The values of the parameters obtained by;the solution
'ﬁjof ﬁhe above equations are given in Table 10., In obtaining
the pagameters given in this Table, it was assumed that the
dlfference between the coordinate systems of equations (21) ané
{22) and:the principal axes of the A tensor wasAnegligible.
This assumption can be checked by using these parameters to
calculate the angle ¢{A) between the principal 2z akis and the
coordinate z axis. The angle of rotation needed to diagonalize’

the hyperfiné term of equation (22) is given by:

| 2(AgAgyt Aksz)

-—Z 2 2 B A
A=A +sz AZy _

tan2¢ (A) = (24)°

Using the parametexs given in Table 10 a value of 0.14° is
" obtained for ¢(A), which is less.than.tne experi@ental.error.
The above analysis is similar to that done by Kosky
| et alté) for Mnoj " in BaSO4 and by Banks et al. (6) .Ué‘Cr02-
in CajP0,Cl except for the . assumptlon of a lower symmetry._
ﬁThese workers dld not detect any dxfferencc in the prlnczpal
axes - of thgfgmand A values and therefore assumed an effective
;symmetry of CZQ which requires £ = 0 in equat;ons (21) and
(22).‘Tne results of their analys;s are also given in Table 10‘
for comparlscn w1th the results obtained in this study. In
these analyses,fhe unpaired electron was found to be located
primarily in'a d,2 orPital. The values of b® found|for Mnoﬁ‘
in both BaSO, and BaSe64 are found to Qe larger than that
~ found for Croi “in Ca2P04C1. hese values .indicate a relatxvely
small admixture of d,2 y2 orbital fox Croi— but larger
for Mn04- in the g{Pund‘state..In c:oi“ in CapPO,Cl the .

- ~—
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TABLE 10

Electronic Paraﬁeteréffpr Mnbi- and Croi- = -
’ . Mnoi' C Cr04-
e BaSeO4a B pa§b4b Ca,P0,Cl ¢ ca5(Po4i3q1
k (1078 em™ly  59.7 48 -31.6 -
p (1074 o ly 141.7 179 ~10.2 -
ny 0.00657 _0.0061 ° 0.0081  0.011 ©
ny 0.127 ~  0.12 0.21 0.32
N3 0.00775  -0.0069 . 0.0096 0.011 ©
b2 ‘q.017 10.023 0.0053 0,009
£2 0.0003  <0.0001 ~  <0.0001 -
a. This work
b. Reference 4
C. Refgnence 5 !
d. Reference 6 ]
e. Assumed eqﬁal in analysis

d
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accxdental eguallty of the terms (Y3a + b) 2 “l and (/3a-b)? Ny

2~

gave rise to axial symmetry. Thls is not so for MnOy in both

BasS0, and BaSeO4. Thus as a result of the smaller b2 value

there is a lesser admixture of dy2 YZ orbital in the ground
state of c:oi than in that of Mnoﬁ » For the two host. 1attices,
Basu4 and BaSe04, the A values are highly anisotroplc and thls

arises from the larger b2 values, The large value of n, for,

both ions relative to the values of nj and n3 confirm the

assumptxon that 4&Exy—3s small and hence the distortion .irom
. F
tetrahedral symmetry is~pot large, ,

a

- . ‘ 2-
The difference in the ground states for MnO, 1in

Basoq, BASeO4‘and in K2Cr04\is puzzling. The three host

lattices belong to the same space group and their oxyanion

tetrahedra have similar bond angles, Before. this work was. done
A

2= .
it was thought that the different ground states of MnO, in

basO, and in K3CrO4 could be due to shorter bond distances of
2= a .. :
504 . KzMn04 and KMnO4 crystalise in the same space group,¥mna,

and their bond angles and bond distances are risted in Table 11,

The bond angles of these Oxyanions are essentailly tetrahedral.

The ‘Mn-0 bond distance for Mnoﬁ" is slightly larger than those

of Mno4 The longer bond distance of Mnoﬁ is probably cdue to
the extra electron which expands’ the metal ion, but does not
distort the bond-angles of’ the oxyanion. In K20r04, BaSO4 and
JaSeO4 the bond angles are similarly~distorted from the .

tetrahedral angles, The bond distances of Seoi-(4l)

. 2= . Qe
are slightly shorter than those of Mnoi ‘while that of S0, is

2_.

' X . . 2=
much shorter, Thus in the substitutdon of Mnoa' in BaSO4

distortion could have resulted in a different anisotropy and

the

P
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TABLE 11

Bond Angles and Bond Distances for MnO4

>

Bond Angles

Mnoi- (a)
0 - Mn - O 109° Mn
III III
(@)
OIII - Mn - OI. 110 1 Mn
0\-
OI - Mn - OII 110 Mn
[e]
0. = Mn- Oy 108
. ' . O M
. Mo,
O . - Mn - O 109° ' Mn
III n III
J- ! 0
—’ Opyp - Mn- 0. 109 . Mn
. o]
O; .= Mn - 0O;; , 111 ' , Mn
Q
O,f - Mn > Opp. 109

{a) G, Palenik, Inorg. Chem, g , 503
(b} M, Greenblatt, E. Banks, and B,

23, 166 (1967)

2= and Mnoz Tetrahedra

Bond Distances

= 0p 1.5 X
-0, 1.67 X
-0 1.63 A

III .
-0, 1.62&
-0, 1.63 A

{(1967)

iy
Post, Acta Crystal%gg'.
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- . .
hence a d@ifferent ground state. Both SeOy and.Croi have

comparable lattice size yet Mnoi- has the same ground state in

BaseO, as in BaSQ,. Thus the different ground state in K,CxO

4 4
canndt be due solely to the difference in the size of the 'host

anion,

B. Molecular Orbital Theory:

In the previous studies of Mnoﬁ‘ in BasO, and K,CrOg4
the authors did not perform a molecular orbital analysis to
determine the charge transfer in the Mn~0 bond, Because of the
accuracy in the determination of the spin Hamiltonian parameters
in this study, a moleéular orbital analysis similar to that
" done by'McGarVey(3°) on Croi' was carried out to determine the
2

charge transfer in the Mn04'. The coordinate axes in the complex

.are taken to be those shown in Figure 13, The angle & is chosen

SO that the z axis is .an improper rotation axis for the Dag

symmetry while the x and y axes are in the mirror plane, In

2= .
MnO, , the Mn(VI) is surrounded by four oxygen atoms in a

distorted tetrahedral configuration, Each(o§ygen atom is assumed

\ i
t9 have available the 2px, 2py‘and 2p, orﬁ?tals for the £ormation

pf molecular orbitals with the d orbitalsfgf the{ central ion.
The moleculaé\orbitals are chosen for-the Dog s etry since.
it is assumed ;hat these are good enough for our c ;;ulations.
the localized antibonding molecular orbitals are :
Ay = B,2d 2 = (1/2) Béz(pi - pi - 5.’3: + pi):'
4

Exz® Oy 8y, * (ag,/2)cosu(p) = p,) - (a},/2/2)sine
{

x(pg = Py = V3pZ + /3p3)s



Figure 13'. Coordinate axes used in the MO calculations

for Mnog'

° X R I ce e e e e m e e . e == =
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- - (a 2 .
Eyz ayzdyz (ayz//?)cosw(pz - pg) - (ayz/zlf)sxnw

. " 7(25)
x(py - pi - VEP; +./3b;)1

2 3

. . " 1 4
B = O d - G' - - - -
1% % 292 2 7 xz_Y2/2)COBD( P, ~Px=Pyx~Py)

- et o 1 2 3 _ 4.
(axz_yz/z)San( P, + Pz *+ p; P,)

’

—

' .1 2 3 4
By, = Byydyy = (Biy/2) € = Py +'Py *+ Py = Py)

The angles w and p are molecular orbital parameters and their

values are chosen to maximize the overlap integrals. The orbitals
are designated by the irreducible representations of the D2g
symmetry to which they belong. In the previous work on Cro3-

it ‘'was assumed that distortion from tetrahedral symmetry

was so small that «., 45 equal to both Gz and ux2_y2 and

that Bz2'is equal to B_ . The analysis was then done in terms

Xy
of the simpler equations applicable to the axial symmetry of
D5+ In this approach g, and A, were obtained by averagin§
the experimental x and y values, This calculation Qas done
for Mnoﬁ' in BaSO4 and BaSeU, and theliresulting charges for

: the“manganese ion are reported'later ih Tables 13 and 14 as

’,—Z:;ial' The larger-aniso;ropies'obseKVed for MnO%— suggested
that an alterhativa method of calculation might be appropri-
ate, |

.gv The paraméters th;:rgwere obtéined in the previous
analysis and listed in Table 10 may be approximately calcu=

lated from the molecular‘orbitals in the following manner:
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- 2.,
P = 2.0023g,B.8y ‘Allr 3IA1> = LBzzaﬁid

Pa = 2,0023 gyBufy< dz2|x > a,2> (26)

ny = (1/3)<AllEeryz>$Eyzlzx]Al>/AEyz

2 ‘ )
(Eq/AEyz){Pﬂ(z )PU(YZ)““yz“;55228;2[°°3“”(/§/2)_

x ginesinm]/lﬁ}

{(27a)
n, = (1/4)<A1|zzlaz><32[zz|al>/aaxy
= AE P P (x%=y2)= ' ,
(g/ xy) {Bg (xy) 0(3 Y ) axz_yzaxg_yzsxyaxy
X (sin®sinp~-cosfcosp)/2} ' (27b)
ng = (l/3)<Al|lylExz?<Exz|£§|Al>/ﬁExz
= (§/8Ey,) By (28R, (x2) =G, ) 8 283 [cosu-/3/2
. - T ' .
‘% sin®sinw] /V6} to {27e)

where £4 is the spin oxbit coupling7bon5tant for the d electron

and P, and P, are the charge densities on the manganese icn

in the £ and A; orbitals respectively. Mulliken(43)

defined these terms as;
Py = a- aa's#;
= 2... LI~
Rﬂ .8 -BB Sg

a, .u',5 and f' have Leen defined in equation {(25) s, and s

p:y k
are the overlap integrals whose values have Leen calculated

from the overlap integrals of Jaffe(44) and Jaffe and Doak'?”’

2
yzpzd.'r.

The spin orbit contribution of the Ligand oxygen atom has not

‘whe gave the values of the integrals Idzzpidt -and fd

been taken into account becaﬁse of its relatively small value

cémpared to that_gs the manganese ion. The angle 20 is the
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angle between two bonds and is taken as 109,5° for these

calculations. Following the procedure of McGarvey(30)

the
contribuiion of the excited state, arising from the promotion
of a bonding electron in the ¥ Eyg 2z orbital to the A, orbital,
to the spin Hamiltonian parameters is considered, The wave
function of the *Eyz bonding molecular orbital is ngen ast

*Eyz = *adyz + (*u /f-)cosw(p - pz) + (*a /2/—) Slnw
(py = B3 - /3p; * /3p4) (28)

The additional contribution to the parameter 3 is:

- - 2 - + ' at
any = -(Eg/8EF ) (R (%) (1 - P Ly + BypTay,8 2812

x [COSN-(/-/Z)51n351nw]//§} : (295
‘Ssimilar expressions -are obtained for An2 and An3. In obtain-

ing equation (29) use was made of the fact that the orthogon-

ality of Eyz andJ*Eyz requires that

- o F.2 L F o :
The number of electrons in the metal 4 orbitals of the o
bonding orbitals is
- - - 2,2
6 2Pc(xy) ZPU(yz) 2P0(x Yy}
and far the bonding 7 oxbitals is

. 2
4 = ZPﬂ(xy) - 2P“(z )

The effective charge, Q, on the manganese ion is given by

. :
Q = -342P (xz) +2P4 (yz) +2P (x2-y?) +2B_ (xy) +2P_(2?) (31)
From this molecular orbital analysis the only values that can
be determined are those of P (zz), P (xz) and Pg(yz). P (xy)
has, therefore, been estimated® as egual-to P (zz) ‘while ~

P (x -fg) has been taken as the average of the values of
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Pa(xz) and Pc(yz). The values of the spin orbit coupling
constant, {4, for the 4 orbitals of manganese ion can be

(46)

calculated from the spectroscopic tables and the values
of Pd can be determined from Hartree-Fock computations(47).

. 2= .
The values of 8E_ and-ALyz for MnO4 in BaSO, have been
obtained from spectroscopic studies (4) and the same values

2= .
have been assuwmed for MnO, in BaSeQ,; crystals, Overlap inte-

(44,45)

grals can be estimated from tables using shielding

(48)

parameters obtained by Clementi and Raimondi » The values

©of these parameters used in the computations are given in

Table 12, Following the work 39)

on c:oz', a‘self consistent
method in which the values of “the’parameters given in Table 12
for an assumed charge are used to calculate the charge density
in each orxbital. This calculated charge density is then
compared with the assumed charge, The values of ¢ ana charge
densities‘in the individual molecular orbit&ls obtained by
using eqguation (31} axe given in Table 13 for the case of

1

nExy'yz_equal to infinity and Ag* equal to 33,000 cm —,

XZ,y2

Values of @ obtained using the axial approximation employed

on Crog' are given for comparison. For HRO%™ iQ BaSOy there

is no solution 6f the equation for an assuned charge of +1.

The values of Q obtained ¥rom the self consistent method and

the molecular‘charge densitieé are givén in Table 14. The

values of g and Waxial ar¥e seen to be very similar indicating
that their determination is not too sensitive to the different

“ approximatiqns used in the two methods of comﬁutation. The

values of Po are found to be slightly higher when estimated

by the axial approximatién and the values of P, are lower
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TABLE -12
Parameters used in MO Computatious

Ctharge +1 +2 +3 +4

£y (em 1) 2g£b 297 361 405
Py (1074 em 1) 163 187 211. 235
5y 0.046 0.044 0.042 0.039
s 0.142 0.134 0.125 0.118 -
A -1, 10,064

E,, (cm ) ’

AE. . (em 1) 9,813

yz !
- ) .
AE (em™ 1) >33,000

X2 ,YZ
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TABLE 13
MO Results for Mhoi- in BaSO, and BaSeO,
hssumed AE:z,yz 2
Charge (cm™1) Fo (2] Fol¥2) Fal2) ¢ anial
BaSeO4 '
+4 @ 0.474  '0.415 0,583 . 1.418 . 1.656
+3 o | 0.457  0.398  0.651  1.515  1.689
+2 w 0.461 0.397 0.738 1.790 1.916
+1 o 0.445 0.379  0.852 2.028 2.114
+4 33,000 0.619 0.578 0.583 2.340 2.457
+3 33,000 0.604 0.561 0.651 2.447 2.522
+2 33,000 _ 0.603 0.557. 0,738 2.696 2.739
+1 33,000 0.587 0.538 0.852 2.930 2,949
BaSO4
+4 % 0.325 0.291 0.744 1.081 1.135
+3 o 0.304 0.270 0.832 1.215 " 1.229
+2 % 0.288 0.252 0.946 1.455 1.481
+4 33,000 0.505 0.481 0.744 2,188 2.170
+3 33,0007 - 0.484 ~ 0.459  0.832  2.324  2.283
+2 33,000  0.464  0.437  0.946  2.543  2.575
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TABLE 14
Self Consistent Values for Mnoi_
st Q Q. P (xz) P (yz) P_(z2)
OUxz,yz2 axial g o] v
BaSeQ4
o 1.830 , 1.930 0.458 0.394 0.757
33,000 2.557 2,607  0.604 . 0.559 0.690
BaSO4
w ' 1.564 1.585 0,281 . 0.244 0.996
33,000 2,445 2.445 0.473 0.447 0.895




67

but the differences are not large, The value of AE:Z yz‘is &
. ’
1

not known but the value of 33,000 cm ~ assumed is not |

(4).

unreasonable on Ehe basis of the spectroscopic studies
and the values of y obtained with it are therefore, thought
to be close to the correct values,
| Tables 13 and 14 show that the effective: charge on

Mn(VI) ion is about 2. Since the effectxve Cnarge is lowered
the d orbital radius increases as the covalency of the bond
increases., The P value defined in equation{26) is proportional
Eo r~3, Hence the P value will decrease with increasing
charge transfer, The P values are'2§7x10-4 em™t for Mn(VI)
ion'and 199x10-4 cm -1 for Mn(iI) ion. The experlmental values
of 141.7x107% et for Mno2~ in BaSeo, and 179x107% cm™! for
Mnoﬁ- in BaSO4 indicate that the effective charges are more
nearly +2 than the formal charge of +6,-1It appeérs that for
Mnoﬁ: the high- oxidation number requires seme charge transfer
to stnbilize the complex ion, Although the efrective charge
on manganese is thé same iﬁ,both BaseOy and BaSO,; lattices,
there is a change in the pattefn in which the charge ﬁransfer
takes place. Table 10 shows that ﬁore charge transfer‘takes

place through the ¢ orbitfls and less through the 7 orbitalgs
' when Mn0§- substitutes for the smaller soﬁ' ion than.when
it substitutes for the larget Sgoi- ibn. Very little charge

transfer via the m orbitals is indicated in the Baso4 by the

data, ' . . -



-

68

)

C. The Molecular Orbital Approach to the Analysis of the Spin

Hamiltonian Parameters for Fe(CN)RNHZT in Na Fe(CN)SNO.Zﬂzgi

3

In, thL prev;ous studies on strong field tgg

'sys--*--
tems (9= 16? it was always assumed that distortions from octa=-

hedral symmetry were of the type that kept the principal axes

coincident with the bond axes énd, therefore, the appropriate
~.

‘d oxrbitals to be used in the theory were dxy; d,, and dyz'
The system studied herxe does not meet this conditlon since
¢ \\

the sxte symmetry requlres that the x and y axes bisect the

equatorlal Fe ~ CN bond angles., There’;s’only one plane of

' symmetry in the host crystal, but Cpy symmetIy will be assumed

in the following discussion. The molecular orbitals for the

ol {0y .
tag set of orbitals can be written as: -
' 8
| x2-y?> = ad ) 2ey? - ey /2) (p + ph - p5 -pd
. .
3 4 5 _ 6y '
- 2 - + - -
(fxz/ S N Py p;,)
_ 4. 6 -
xz> = Rdgy - (B,/2)(p % Py - Ppo= P,)
| ' (32)
' 3 4 .5 6
lyz> = Yd,, - (¥,;/2)(p; = P, ¥ P; = P;)
P 1 2 b .
- + : A
YRyt Y3Py ] ’

-

The Coordinate axes are those shown in Figure 14, THe z axis
is along the Fe-NH, bond axis while the x and y axes are in
the:'molecular plane. If now the spin orbit coupling and tetra-

gonal distortion effects are taken into account the two
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%
Figure 14, Coordinate ‘axes used in the MO dalculations for
. D _ ‘
Fe(CN)SNH3 -
A
.

v e
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Kramers doublets can be written as i
: - 2_,2) - ' . ,
¥, = @|xzt> + 1e]yz+>; £| (x8=y2)-> o, .
U_ = d|xz-> - ie|yz-> - f| (x2-y?)+> |

whére |xz+> represents the molecular orbital with +1/2 spin

‘h"belénging to the irreducible representation of ¢ ,. The one

. 5
electron hole formalism is used here to represent the t2g

cdhfiguration. The constants d, e and £ are found by degene-
rate perturbation theory to be
L .

1 N1N3 : ’
‘ 2 n, = E] __
Nz =L 2

d - (34a)

. 047N
1 1 712
3Et§9*ET;'E

2 {(1/4)nf + (2 + (L/2)elE - E%}a

e = 34b
Ny [1+ (1/2)e + (1/2) (nyn,/n3) - E] (34b)
4 . | N
a2 + e?2 +£2 = N | . (34¢)
CE = (1/3)[1 + (3/2)€)]T3,<_ | !
: (344)
where .

X = (2/3) [1+(3/8) €2+(3/4) (n24n24n2) ] cos (4/35475+120,4/3+240)

cosé =t[l"(9/4)52+(9/8)(n%—n§)+(9/8)(ng-ﬁg)-(27/15)e(n§_n§)

=(27/8) nynyn41/ 1+ (3/4) e24(3/4) (nf+n2en2)1 72

U

n, = 51/A:,n2l= Eé/A: Ny =,g3/A and € = §/A

T B2 27 (Byp “fyg)/2 and § = By, - B

The spin orbit coupling constants En are defined as
- A A .
51 = ovliqi &5 = 0BEs4i E3 = BYEg,.

E 2,2 i8 the energy of the |x®-y?> orbital while Ey, and

e
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Exz are the energies °f.|y’> and |xz> molecular orbitals in
the absence of the spin orbit coupling,
Since only three g values are obtained expeiimentally,
it has been necessary in therfoliowing analysis of the g
values to make the usual simplifying assumption that
l'.:nl =N, = fge

From eQuation;(33) the following expressions for the ¢ valuée

"can'be cbtained

g, = 2,0023(a? = ® - £%) - defk- .

g, = 2.0023(a% - e - £2) + defk (35)
g; = 2.0023(d? + e® - £%) + 4dek
where k = i<xz|2_|yz> = 1eyz|2, de;2f> = iclez | x2-y2>,
Consistent with the assumption ab nes it has’ been assumed
that k, the olbital reduction parameter, is the same for all
three molecular orbitals, In deriving equation (35), it was
also assumed that the second order contribution from the

g orbitals can be neglected compared-to the bery lafge'first
order cdntributions from the t2g orbitals,

\  Using the experimental values. of g, equation (35)

can be'sblved fOf dy.a, £ and k. Furthermore from 4, e, and £,
vélﬁes can be obtained for n and € using equation (34) . fhe
magnitude of g, can be as large as 3.0 only if f in equatxon
(35) is small and this is so if n is posit;ve. € must also

be positive to keep |gy| greater than |gx|..0n1y two so;utiops
are possible for equations (34) and (35), one for b; assumed
positive and the other for it assumed negative, Aésuming gx

negative gives a k vdlue greater than unity éna'thérefore

- this solution is rejected, The values obtained for the para-

? . ' ) '
PR . N
. - . .

PRI (RS SN OO TS 1 WETTTITEI T T T I T T
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meters are given in Table 15, ~vy

The value of k obtained in this study is.close to
0,875, the value reported by Bleaney and Q'brien for Fe(CN)g-ElO)
Oosterhuis(sol has studied the Moessbauer hyperfine spectrum
of powdered NazFe(CN)sNH3.HéO and fitted his results to equa-
tions similar to those developed here., Although he assumed
the |xy$ orbital to be the lowest in energy, his resﬁlts:
wouid equally Qell fit the above interpretation with the
parameters: d=0.§0,_e=0.42, £f=0.,15 which are surprisingly
close to the values obtained in the present stud?.

The values of A and 6 could not be obtained without
an independent determination of the spin orbit coupling

parameter §. ‘Haberditzl et ELSSl) " have réported‘the‘magnetid

Ay
moment of iron inANazFe(CN)SNH3.H20 to be 2,32 Bohr magnetons

~at 295?K.,Our values of k, n and & will predict this value

1

-

.-when the value of the spin orbit coupling parameter is 325 em

‘which is fairly close to 278 cm™l reported by Bleaney and

. 3= . o
D'Brxen(lo)nfor Fe(CN)6 . Since the free ion values of the

. c. + + ) -
spin eorbit parameter for Fe2 andg Fe3 are 400 and 460 cm™*

respgctiVely(Szl}'the value obtained in this study indicates

considerably moOre covalency than the value of k would indi-

cate,

(54)

- (53) ' . _
Thornley( _and Cotton have shown that the

. . F - ] )
~ neglect of c?ﬁﬁiguraq@on interaction in the theoretical treat-
ment of octahedral complexes produces k values that seriously
underestimate the covalency. The values of 4,.0 and the®

energy of the excited Kramers doublet areJ%pund to be:
o )
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TABLE 15

Molecular Orbital Parameters for Fe(CN) SNH

K = 0.893
'd = 0.891
Ve = 0,385
£ = 0.241
n = 0.578

&= 0,656

p

3

',-i‘-';\
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4 = 560 en
§ = 500 cm™t

E, - E; = 530 cm‘l.r;

Ey = By = 930 cm~
if § = 325 m'l. 29, is the energy of the .lowest Kramers
doublet,

he moét surprising aspect of the above results is ot
the ground'stafe. It is genefaliy acknowledged that the
ligand field strength of N, is ¢onsiderably-less than that
of CN~, so that;one would have rexpected the |;?-y2> hole
6rbita1 to be the most stable instead of the least stable
as found here, Also the fact that § is comparable to & is )
unexpected since the structure of the host lattice, Fe(CN)SNoz-,
approximates four fold symmetry so weli. The stability of the
| xz> and |y2z> holes over the ]xz—y2>'hole could be explained
in pért by noting that the bond aﬁgle between Fe-N-O and the
equatorial Fe=C=N bonds is 96° and assumihg that the Pe(cu)suﬁg-
ioﬂ adopts this geoﬁet:y when incorporated in ;ﬁg same
.lattice. Such a distortion gtabilizes the [xz> and Jyz>
orbitals and deséabilizes the lxz-y2> orbital, .It is hard
to accept this as a valid exﬁiaﬁation because it is difficult
to believe that such a small distortion'is more.imﬁortant
esergeticallf than the difference in ligand field strengths
between ﬁHé and CN~, Further if such distortions are so;
\important, it is hé¥d to understand why the Moeésbauer
results(SO) for ﬁazFe(CN)SNH3.H20 agree so well with‘the
results obtained in thisqstudf/since the idn;is in &ifferept

lattices. Thus it is diffcult to avoid the conclusion that -

I
- Y.
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the NH; group in this complex is acting as a more basic ligand

than it appears to do in other complexes,

D. The Nitrogen lyperfine Interaction:

Using the two Kramers doublets given in equation (33)
and the appropriate ‘hyperfine operators the spin Hamiltonian
parameters for the hyperfine interaction were obtalned by

McGaIVey(42) as:
e {d2-al £2K ' I
Ax (@°-e“) Ky, xz_y2+(2d +e< 3ed)PL

- (d%-e?-£2-2ef) Py

o (d2202VK . —£2% - o (A2eon 2o
A {d e‘ )sz £ sz_yz (d°+2e 3ed)PL

(36)
~(d%-e?+£2-2ed) P, '

s (321a2 _£2 (2.2 g
AZ (d“+e )sz £ sz_.yz (d“+e 10ed}PL

2_-2

+ 2(a%+e2-£ +2ed) Py,

- 2
where Pp = (2/5)g g 8 8y <r~3 >, 82 ang

. Py =g gNB B R 82
ﬁg and 9y are the electronic and nuclear g factors, Be and Bﬁ

are the Bohr and nucl ar magnetons respectively, <r.‘-3>2p is

the aVerage value of 3 in a nxtrogen 2p orbital and R is

the Fe-N internuclear drstance. sz is the Fermi contact

xpteractlon 1nduced by the spin in |xz> or Iyz'S orbitals —
and K,2 y2 is the interaction induced by the spin in the

| x%-y2> orbital: In equation (32) the assumption is made \
that f is equal to both « aqc;y while BL:is equal to B, and

Y, of the ligamd-mglecular orbitals.
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The analysis of the hyperfine interaction is diffi-

cult because reliabie values of Ax and Ay are not évailable

neither are the-signs for any of the hyperfine terms.
Reasonable estimates of Koo and Py could be arrived'at by
considering the range of possible solutions for equation (36) .

PL, -is small and can be readily estimated to be 0.26x1¢™% o™t

Iy

by assumlng R = 1,95 X and B egqual to unzty. It is readily

established that positive values -of Py are only Eossxble if

{20,55)

Az is positive. Further studies of the hyperf;ne

. 14 . -

interaction of l3c and N in Cr(CN)5N03 show that sz and
Ky2.y2 ~aré negatiVe and that |K 2 -y 2|
If this restrictxon is placed on the above solutions, it is

is less than |K_,]|.

.

found that Ax must be positive and hy negative and P; nwust

be between 2.7x10'4'cm-1 and 5.0x10"4 cm'l'to be consistent

with the above results, sz must be between 0 and ~5.0x10—4

»~
b

cm~! with the larger magnitude values associate with the

smaller values of Py
Motton(sel has reported a value of 3,10173F; u. for
<x:"3>2p which would make P equal to 15. 9x10™4 en”t if BE
is equal t0‘oﬁe,'Thus the experimental estimates of PL pre-
dict . values pf Bi between 0,17 and 0,31, This is a larger
covalenéy than normally found in metal-ammonia bonds, but is
however consistent with the conclusion in this study from
g values that the NHj is interacting more strongly than ope
would expect. ‘ o
This conclusion seems difficult to accept and appears
more plausible if the Vué has lost a proton foliecomé NHEI

which is a much stronger base than NHy. Herxngton(b7 58)
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has reported the reaction of pentacyangpammino ferrate (III)

with aromatic amines and claimed the formation of complicated
complexes, Thus with aniline, NazFe(CN)SNHB.uzo forms
Na3Fe(CN)5.NH.C6n4NHPh. The possibility of the formatiop of
NazFe(CN)SNﬁz.HEO was made probable by the fact that .
NazFe(CN)SNHB.HZO undergees c&lor chgnges from reddish-ygllow

in strongly alkaline solutions to deep blue in acidic solutions.
Attempts to determine this acid-base equilibrium by measuring
the NMR shif? of the amine hydrogen as a function of’ pli
failed-bééause_water was in such a high ‘concentratien that

the rapid exchange between the amine hydrogen and the water
prdtons made it impossible'gb observe any resonance due to

the amine hydrogen. In order to determine whether Nlig wés
present in the solid NazFe(CN)SNH3.520'as NHE witﬁ the

PrOtbﬂ abstracted by the water-of hydration, a broad line NMR
study of the powder was undertaken, The spectrum recorded

ét room temperature is shown in Figure 15, This spectrum
shows a pattern typical of two protons and a sharp resonance.
at_the center, The two proton pattern was analyzed and fitted
to that expected for two protons separated by a distance of -
1.62 R, a value equivaleqt to that found in hydrates. The
central resonance line has a wing typical of anaaxiél;y
symmetrical system that has a perpendicular and parallelqghifts.
Since watex of hxdéatioq is normally hydrogen bonded and

does not move ﬁréely it is unlikely that the sharp resonande .
can be attributed the "hydronium ion, ThQ; it appears that

the sharp resonance must be due to the NH3'which is noﬁ
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expected to be rigidly bound. It is, therefore, inevitable

to cohcludg th;t the ammino grodp is not present as HH; in
this complex.

| ‘That the NH; is interacting'séronglyhin this complex

could be understandable by considering the role of the CN™
ion, The cyanide ion has a pair of degeéérate, normally;un-
occupied, antibonding w-orbitals;lThese have the appropriate
symmetry to com?ine with t2g orbitals of-the iron, These n--.
orbitals enable the cyanide ion to act as an electron accept-

or. This increases the effective charge on the iron and

hence results in a stronger interaction between the NH,5 and

the ironr“’//\‘




Chapter VIII

CONCLUS IONS

>

fhe electron spin resonance spectra have been invesf
tigated for manganate ions in-barium selenate and for -ammino-
pentacyanoferréte (ITI) "in sodium nitroprusside. Both the
crystal field theory and the molecular orbital aéproaches
have been used to analyze the spin Haﬁiltonian parameters.
For the manganate ions in barium selenate the spin Hamilto-
nian parameters are shown to be consistent only with a ground
slatelin which the unpaiied e}ectron is in a dzz orbital
with a 2% admigture of dxz-yz orbital. The difference in
the principal x and z axes for the g and the A tensors has

been shown to be attributed to the admixture of the d,,, orbi-

vz
tal with the dxy orbital. This has been estimated to be-

- 0,03% from the angular separation of the axes. The molecular

?
orbital coefficients, o and B, together with an estimate of

e

the overlap integrals have been used to determine the charge

densities on the metal ion. From the charge densities the

formal charge on manganese was.calculated by a self consis-

tent method. It was found that the formal charge on Mn(VI)

is about +2 which is in line with similar values found- for
| - (28,59,60)

other ions of high oxidation numbers -~ ’

‘ One significant difference between the manganate ion
- _ .
in barium selenate and in barium sulfate is in the value of

K, the isotropic term. This value can be used to calculate -

80 | . D
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Xr @ quantity defined by Abragam g&lgifsi) as characteristic
of the central:density of unpaired spin as:
X = (4n/8) < ¥| L8(ry)Sz5 |V >
X vhlézs obtained'are_

p

x = =l.64 for MnO in BaSO4

X = =2.04 for Mhoﬁx\%n BaseO,;. -

McGarvey (4?) has demonstrated that the value of X is nearly

<
-

constant for a given éonfiguration with similar ligands un-
less there 1is mixing of 3d and 4s orbitals. Such a mixing

is symmetry-forbidden for the dxy ground state observed for
Mnoﬁ‘-iﬁ K2Cr04 so that the value of X = -1.91 in this sys-

tem can be used as a measure of that portion of y resulting
o )
from indirect polarization of inner s orbitals of manganese.

Such a mixing would produce a positive contribution to ¥x.

It would abpear that such a mixing is negligible for Mnoi-'

in BaSeO4 but a small admixture of about 0.1% occurs for

2=

MnO;~ in BasSOy,. | : , .

i Yy ' '
For FekCN)SNngf in ﬁézFe(cN)sNo.znzb, the spinrHamil4‘
tonian‘pafametefs are shown to be'cons%%tent only with a.
ground state in which the unpai;ed‘glectron is primarily in
a dxz orbital rather than the expécted dxz-yz Q;bital. Th;
molecular orbital analysis of the spin Hamiltoniah“parameteré ‘
has shown that there is a larger covalency%than'normally
found ih the metal-ammonia bonds and this is coﬁsistent with

the conclusion that the NH4 is interacting more strongly in

this complex tﬁan ong,w%;ld expect. © /”

fw"? r} :
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" Appendix
' }

DERIVATION OF SECOND ORDER TERMS FOR S=1/2 IN RHOMBIC SY_MTRY
o | oy ,
The spin'Hamiltonian for this system is
;l = [’:’a(ngxSx +g H + ngz'Sz) + AxSxIx + A,S,, I, + AZSZI

Y YSY Y ¥y
We will qguantize S:and I in a coordinate system such._ that Seg+H_
. . . -

2

and S+A.I give no off diagonal'térmswﬁhat~involve'twd states
S e~ _ ’ >

-1

with the same eigenvalue of S.

We will choose this x'y'z' coordinate system with

different choices of and I,
. ) . - z _Z' ©
?' s
L N\ ’ “
‘\w;,j l ’
A TS
.']Y . l‘-
.. o
~ f
Y \JI .
’ .-l'.‘l .
\t‘x * x.
i - + . o : )
"S5, = Sx:c05w00§y - SYlSlnY +-Sz351nmcosy
-Sy = SX}QOSQSl?Y + Sy|COST:é§Sz.SlanlnY"' .
. - ‘ Sk - - 8~
S, = S,+sinw + S_,cosw D e _ X S ", S
. o o /B
Now H, = Hsindcos¢ Lk -
H, = Hsinasi . o A |~
y Hsin ng ) — ‘ v
¢ d
H, = Hcosg ) : -
. TOX
. 82—,
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_ s0 that o ///

/S

. (gysinwcosysingcos¢ + gysinmsianinusiﬁ¢ + g_coswcosa)s,

tn
wa
i

I

+

(gxcoswcosysinacgs¢ + gycoswsianinasin¢ - gzsinwcosa)sx

[

+ (-gxsistina:os¢ + gycosysinasin¢)sy

The S.,» term shall be equal to zero when

Y
- g,.Sinycos¢ + gycosysin¢ = 0
or wheh tany = (gy/gx)tan¢ ‘ ‘ '
i.e., siny = gxsin¢/(g§¢osz¢ + gﬁsin?¢)l/2
and ‘c?sy = gkcos¢/tgicosz¢ + g%sin2§)1/2

Thus S_+ term becomes
X
' . 1/2 . ’ .
(gicosz¢ + g551n2¢) / cosuwsing - g251nmcosa

which becomes zero when

2
tanw = [(gicosz¢ + g?sin2¢)l/ /gz]tana

Also the Sz| term becomes . .
‘ 2 2 . 1/2

. . . 2
[giSanucosz¢ + gisanQSLn ¢ + g cos ol =g

Therefore BS+g+H becomes gBHSz. and the first order solution is

E = +(1/2)gBH.
Now to keep S+A-I from mixing up terms with the same eigenvélues
- of S, we must choose wy and Yy to make the Sz'Ix' and,SZ,Iy,
terms zero. The‘Sz.Ix,‘term is
A, sinuwcosycoswycosyy + AysinmsinycosmlsinyI - AzcosmsinmI
wheréas Sz.Iy, term is

- A sinwcosysiny; + AySlnmSlnYCOSYI

This term is zero when

tan7£.= (Ay/Ax)tanY = [(gyAy)/(ngx)]tan¢

i.e.,, when
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/2
A sin ¢) l1sin¢

LA 8

siny; = [9,A/(g2hscos”d + g

1/2

sin2¢) lcosd

’<N L

'<N

cosyy = [ngx/(ng cos ¢ + g, A

Then from Sz.Ix. term we get

2 2 1/2

2 2. - : =
(Axcos y + Ay51n Y) 51nmcosm Azcosws:mwI 0

I
which yields

2 2 . 2_..2 1/2
[(Axcos vy + Aysln_y) /Az]tanw
[(g2a’

xcoszq? + g%Agsin2¢)l/2/(ngzltanu

tanmI

l

The Sz'I term is then
z

i i + A si i i i |
AxslnmcosYs ancosYI ySlanlnYSlnm:BlnYI + Azc?smcoswI

. 2
(giAis;nzucosz¢ + g§A281n2G51n ¢ + ngzcoa o) 1/
B (gisinzucosz¢ + gy51q2asin2¢ + ggcos u)l/2

To get the second order terms, we must find‘Sx. and‘sy, terms

,of S.A+~I, The S ;IZL term becomes

. e ma
—~

AxcoswcosyglnmlcosyI + éycosw51nY51nmISLnYI = A_sinwcosu,
which is equal to
g 9, ‘
"3;“ (A - Ai)sinucosa
- 2 2 2 . /2
where 9, (gxcos o + gysln ¢) | anq
B N S 2,2, 2,,1/2, .
AL (g A cos<d + gy ys:.n ¢) /gL
1 The S,,1 , term becomes
« Y 2z
- A sinysinw;cosyr + Aycosys1nw151nYI'

wiich is equal to
___X - 2
_ g¢gK (Ay A )51na51n¢cos¢

Also the S*,Ix. term becomes

/
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gxcosmcosycosmIcosYI + A coswsinYcosmIsinYI + Azsinmsinw

' I
which is equal to )
AZAL
K
Similarly
Sy'Ix' = - AxsinycosmlcosyI + AycosycosmlsinYI
Iy Iy A
= —531—5*5 (A; - Ai)cosasin¢cos¢
g.LgKA.L
Sx'Iy' = - Axcoswcosysa.nyI + AycoswsnwcosyI
1 = 0
SY’Ey' = Ax51an;nYI + AycosYcosYI
= AXAY/AL
= gBHS, + K, S .I,, + KygS il 0 + Kyzsy,Iz, * Ky S Iy
* RyyS It Knyy,Iy,

where K, , etc have been defined earlier. For the.spin functions
MSMI the first order energies are
E = gBHMS + KMgMy -

whereas the second order energy terms are found from

| :E:< Wo|ﬁ1¢n > < IJ’nlﬁllu’o >
E= )
n - Es - By

where the .summation does, not include n = 0.

For S = 1/2 consider the MS = -1/2'state. We have

carefully arranged so that there are no terms in the summation

-

that include the S = 1/2 state. Therefore for MS = =1/2 we

get to second order:



2 2

(sz + Kyz) 2
E{-1/2,M;) = -(1/2)gRH - (1/2) KM, = - M3
4 (gBH + KM;)
2 2
[(Ryx - KYY) * KYz]

- ' [I(T + 1) ~ MM, + 1))
16 [gBH+KM = (1/2)K]

v
2 2
[(K, ., + K,,) + K ]
Xx ¥ LI+ 1) - MMy - 1)
16 [gBH+KM = (1/2) K]
If we ignore KM; and K compared to gRH, we get
K. _K
E(-1/2,M;) = =(L/2)gBH - (1/2)KM_ - X JX y
ot I I
: E 4gBH
o ) y
(K2. + K2 + K2.) ' (K5 + K5.)
XX y X Xz vz
- LI 1z o+ 1) - M2 - 2
8gBH : I 4gBH I
Similarly ‘
. ) KxxKYY
E(+172,H7) = (1/2)gBH + (1/2)KM; = ——— M,
‘ (K2, + K2, + K2.) dg8H 2 2
XX vy X 5 (Kxz + Kyz)
+ (I(I + 1) = MI] + : M2
B8gBH : . 4gBH I.
Therefore for AMS= t1, AMI= 0 transition, we get
2 2 2
(K2 + K + K4.)
hv(M;) = gBH + KMy + <2 Y ¥ 71 4 1) - ud

I Lh> AgBH
2 2
( + K&z)
+ Kxz Yz M2
\ 2gBH

where K = AZQL/K; KX

xx yy T BxBy/B

=
Il

yx = [(9,9,9,8

19y Tz8,) 7 (g%g KA ) 1x (a2 - af)cosasingcos

=
|

gz = 1(99,)/ (6?01 (A% - aAZ)sinycoss

Kyz = [lax9y)/(g 9K ] (AF - AQ)simsingcosé

For the Mnoi- system we will take the b-crystallographic direc-

tion to be the y direction. Then for the magnetic field along

the b axis, & = 90°, ¢ = 90°, and hence
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1~

- : = A, = A_; _ = K__ = 0, and hence
Aphy/By = Byi Kyy = AAy/Ay Bxl Fyx T By :

2 2 .
(A7 + AZ) 2
- A M, + [I(I + 1) = MT)
S S S T -
2 2
hv A (AZ + A)) 2
Z X : -M
or H(M;) = =2 - L - (1(z +°1) - M7]

' v
9y gyB  dgyBhv,
For two 1lines .0f similar IMII values we have

2 2 ’
(A2 + a2
—= Ax{I(I'*'l)-MZ}

(H, + H )/2 = HY -
Mp o Temp 2g,,8hv, I

The last term in the above equation is estimated from the

Aze A, and the first order values of Sy+ H° is then calcu-

lated from which gy can be obtained.
For rotation in the xz.plane $ = 0°, s0 that

Kxx = AzAx/K where. K (ngx51n o’ +.ngzcos q) /g-and

"

g = (gZSanu + g cos2 1/2
Also Kyy = AxAy/Ax = Ay; ny =0 = Kyzi and

%92

92K

, =
,sz

(Ai - Ai)sinu:osa

Therefore 5 2
P Ax + AYK ) 2]
I

hv(MI) = gBH + KMI + [I(I + 1) - M

4gBHK?
Eigi(Ai a2 2 .. 2 2
- FM131n GCos .o

2%k 298K

whi€h on transposition gives
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2.2 2.2
AA® + ASKT). .
. h})o - KMI - ( Z X Y [Z(I + 1) - Mi]
H (M) 10 8kn
gf g8 gBK“hv,
- Ixz ( Mzsinzd cosz.a .

I
g4 zngﬁhvo

For two lines of similar IMII values thé above equation.

becomes
2,2 ;
+ H A A K
(Hy  + By ) o A , ¢
= HO - — 5 {Z(I + 1) - MI}
2 29BK hv,
. 2g (A 2 - A2)2 . )
- MIsinﬂ.cos a
gSKZBhvo

.
The last two, terms are estimated with values of A Ay'

Az and the first order valués of Iyt gy and g, . HC is '

calculated .from which g can be obtained. The average value
&
of g for each orientation was taken -as the g value correc-

ted for second order,

Near the maxlmum and mlnimum 51n2u*oszu *0 andg
we can use the same technlque to calculate g that was used“
for the b-axis. In between, i1t is best to calculate the

correction terms and & from the approximate values.
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